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Abstract 
The eastern foothills of the Eastern Cordillera of the Colombian Andes are actively 
shortening; however, deformation rates of Quaternary structures remain sparse. Here we 
present millennia-scale deformation rates of the Guaicaramo thrust in the Eastern 
Cordillera using Terrestrial in situ Cosmogenic Nuclide dating techniques. Furthermore, 
we analyze river profiles along strike using digital elevation models to quantify the fluvial 
response to uplift. This research provides insight into thrust wedge mechanics and 
dynamics, seismic hazard mitigation, and hydrocarbon production potential of the region. 
The Quaternary shortening rate of the Guaicaramo thrust is 1.72 ± 0.30 mm/yr, which 
represents ~3% of the total horizontal shortening across the Colombian Andes. 
Furthermore, the normalized channel steepness (ksn) values reflect that the Eastern 
Cordillera foothills are experiencing rapid uplift. Analysis of ksn is a novel approach in the 
region. This work provides quantitative metrics of the surface response to uplift along the 
eastern foothills of the Eastern Cordillera.  
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Abstract 
 The eastern foothills of the Eastern Cordillera are actively shortening; however, 
deformation rates of Quaternary structures in the eastern foothills of the Colombian Andes 
remain sparse. Here we present millennia-scale deformation rates in the Eastern 
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Cordillera using Terrestrial in situ Cosmogenic Nuclide dating techniques, as well as 
analysis of digital elevation models and seismic reflection data. Two uplifted and 
deformed terraces in the hanging wall of the Guaicaramo thrust were dated using the 10Be 
depth profiling method. The surface abandonment age for the two sites are 122 - 4
+ 73 ka 
and 117 - 6
+ 83111 ka. Total incision for each site varied significantly. The magnitude of 
incision at site 1 is 67 ± 6.6 m, while incision magnitude at site 2 is 131 ± 6.6 m.  From 
these magnitudes, incision rates for each site are found to be 0.66 ± 0.1 mm/yr and 1.12 
± 0.22 mm/yr respectively. The difference in incision rates, despite the sites being of the 
same statistical surface exposure age is reconciled with a listric fault geometry with a flat 
on flat geometry in the hinterland where low incision values are observed. Larger incision 
magnitudes and rates are observed toward the foreland where the fault cuts up section 
over a hanging wall flat on footwall ramp geometry. Incision is only observed in the 
hanging wall of the front range thrusts, thus the rivers are incising as a direct response to 
tectonic uplift. Therefore, we used incision rates to calculate uplift and shortening rates. 
Quaternary shortening rates are 1.72 ± 0.30 mm/y. Thus, the Guaicaramo thrust is 
accommodating ~3% of the total horizontal shortening across the Colombian Andes. 
 
1. Introduction 
Long term (10 to <106 years) slip rates of active faults are critical for understanding 
neotectonic deformation. Global Positioning Systems (GPS) provides short term rates of 
movement in active mountain belts, while tectonic reconstruction and thermochronology 
provide rates of fault slip over millions of years. However, only recently has it been 
possible to understand millennial-scale deformation rates along active faults (Tapponnier 
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et al., 2001). The advancement of in situ terrestrial cosmogenic nuclide (TCN) techniques 
has allowed researchers to begin filling in this gap by quantifying the geomorphic 
response to Quaternary uplift. One such geomorphic response is the deformation of fluvial 
terraces due to changes in local base levels as streams respond to orogenesis.  
Studying deformation of geomorphic features, such as river terraces, is an 
important tool in understanding Quaternary fault kinematics and shortening in active fold 
and thrust belts (Amos et al., 2007; Lavé and Avouac, 2000; Lavé and Avouac, 2001; 
Simoes et al., 2007). Using in situ TCN geochronology, topography, and seismic reflection 
data, we present millennial scale deformation rates along the Guaicaramo thrust in the 
eastern foothills of the Eastern Cordillera (EC) of the Colombian Andes. Furthermore, we 
describe the geomorphic response of the upper reaches of fluvial systems to tectonic 
uplift by quantifying normalized stream channel steepness values (ksn) across the EC. 
Our results provide insight into landscape response to uplift in the EC.  
 Understanding the structural and tectonic development of the Colombian Andes is 
important for three major reasons. (1) Constraining the geometry and kinematics of active 
faults in the EC is critical to our understanding of thrust wedge mechanics and dynamics.  
Studying continental deformation inboard of subduction boundaries is important in 
understanding how subduction controls the distribution of active faults in the upper plate 
(DeCelles et al., 2009). (2) Quantifying fault slip rates and identifying which faults are 
accommodating the highest shortening rates is critical for mitigation of seismic hazards. 
Earthquakes occurring in continental interiors are typically more devastating due to a 
paucity of identified fault locations and movements in such regions (England and Jackson, 
2011). Additionally, the petroleum industry was responsible for 34% of Colombia’s foreign 
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direct investment in 2012 (EIA, 2014), exemplifying the importance this sector has on the 
Colombian economy and the increasing interest from foreign companies. In the EC 
however, infrastructure in the region has been damaged due to shearing along active 
east-directed thrust faults. Quantifying the magnitude and rate of fault activity will aid in 
mitigating damages to existing and future petroleum infrastructure. (3) The Colombian 
sub-Andes is home to one of the largest on-shore conventional oil fields in Colombia, the 
Cusiana oil field (Cazier et al., 1995). Understanding the neotectonic setting, stress fields, 
fault geometry and kinematics, has proven critical to successfully developing the Cusiana 
field (Colmenares and Zoback, 2003; Last et al., 1995). Furthermore, the foothills of the 
EC have been called a “world-class prospective play” by Villamil (2003). Though the 
potential for oil exploration is high, the foothills remain largely unexplored. Knowing how 
active faults control the distribution of petroleum reserves (i.e., basin development) in 
continental settings is especially relevant for petroleum exploration (e.g., Taylor et al., 
2012).  
 
2. Background 
 
2.1 Tectonic setting 
The Colombian Andes are comprised of the Western, Central, and Eastern 
Cordilleras. The northern Andes are being deformed by eastward subduction of the Nazca 
plate from the west, the southeast subducting Caribbean plate to the north, and northeast 
motion of the South American plate from the east (Figure 1) (Gutscher et al., 1999; 
Taboada et al., 2000). However, it is still unclear how faulting at these plate boundaries 
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is actively partitioned into the South American plate (Mora et al., 2010; Parra et al., 2009). 
Geodetic shortening rates along the Venezuelan and Colombian Andes foothills indicate 
that the frontal thrusts are active (Pérez et al., 2011; Trenkamp et al., 2002). Furthermore, 
shallow seismicity in the region further indicates active faulting (Dimate et al., 2003; 
Veloza et al., 2012). Notable seismic events include the Tauramena 1995 Mw: 6.5 
(Dimate et al., 2003) and more recent 2014 Mw: 5.4 Tame earthquakes (USGS, 2014).  
The EC is a bivergent fold and thrust belt formed through reactivation of normal 
faults involving basement and metamorphic rocks, as well as Upper Paleozoic-Cenozoic 
sedimentary and volcanic rocks (Cortés et al., 2006; Mora et al., 2006; Toro et al., 2004). 
Cenozoic shortening rates since ~25Ma calculated for the EC vary between 1.2-2.1 mm/yr 
(Parra et al., 2009). The Guayaquil-Algeciras fault system bounds the EC to the south. 
This fault system extends to the northeast into the Llanos Basin and separates the Garzón 
Massif to the south (Mora et al., 2010; Veloza et al., 2012). The northern boundary of the 
EC is marked by the Santa Marta-Bucaramanga fault system (Veloza et al., 2012).  The 
Llanos foothills along the eastern flank of the EC exposes folded Neogene rocks below 
uplifted fluvial deposits (Mora et al., 2010). West of the Guaicaramo thrust is the Servitá 
fault, which juxtaposes Upper Paleozoic and Pre-Devonian units over Paleogene and 
Neogene rocks in the hanging wall of the east directed Guaricaramo thrust fault (Mora et 
al., 2010). 
 
2.2 Guaicaramo thrust 
 The frontal thrusts of the EC mark the tectonic boundary between the North 
Andean microplate and the South American Plate (Figure 2) (Aggarwal, 1983; 
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Freymueller et al., 1993). The eastern foothills are dominated by a NE-SW structural 
trend, with mainly E-SE directed thrust faults and folds. Borehole breakouts and 
earthquake focal mechanisms indicate the orientation of the maximum horizontal stress 
(SHmax) which is WNW-ESE, perpendicular to the structural grain. South of the 
Guaicaramo thrust, fold and fault orientations become more northerly. This is consistent 
with a change in the orientation of the SHmax from WNW-ESE to E-W (Colmenares and 
Zoback, 2003; Mora et al., 2010). 
The Guaicaramo thrust is an east directed thin skinned thrust sheet dipping 
approximately 30° west. In the south, the Guaicaramo thrust detaches at depths of ~4km, 
but increases northward to a depth of ~13km as shortening increases and it steepens to 
a basement involved thrust, where it inverts a pre-existing extensional rift structure (Mora 
et al., 2006). Because of the differences in depth to detachment, and therefore the rocks 
it cuts (the timing of fault initiation), it has been proposed that the Guaicaramo thrust is a 
product of 2 fault segments merging (Mora et al., 2010). In the southern segment, a 
backthrust that extends to the surface is observed. The backthrust and Guaicaramo thrust 
are likely migrating southward (Mora et al., 2010). Geodetic shortening rates in the region 
(Villavicencio) indicate movement to the south at rates of 2.53 ± 1.29 mm/yr (1σ) 
(Trenkamp et al., 2002).  
 Deformation is observed in the hanging wall of the Guaicaramo thrust. Figure 2 
highlights several neotectonic features. The Guavio anticline and Nazareth syncline are 
prominent features in the southern portion of the hanging wall and trend NE. East of the 
Nazareth syncline are smaller anticline-syncline pairs. The focus of this investigation is 
the uplifted and deformed fluvial terraces observed in the hanging wall of the Guaicaramo 
7 
 
thrust. However, east tilted Quaternary pediments in the footwall are a result of fault-
propagation folds. Though no emergent thrusts are present east of the Guaicaramo 
thrust, the Cabuyarito anticline marks the easternmost active structure in the study area 
(Mora et al., 2010; Rowan and Linares, 2000) (Figure 2).  
 
2.3 Climate 
Climatic conditions have been shown to effect the landscape and evolution of 
orogens (Molnar et al., 1994; Molnar and England, 1990). Quaternary climate in the EC 
is characterized as a savannah, with expansive grass cover, but limited arboreal cover. 
Mean annual temperature in the foothills ranges from 18 to 24°C (IDEAM, 2012). 
Precipitation in the region has been shown to exert a strong control on landscape 
evolution, particularly in the Andes (Montgomery et al., 2001; Strecker et al., 2007). The 
difference in precipitation between the leeward and windward side in the EC is very 
pronounced. In the western leeward flank and Bogotá Basin, precipitation rates range 
from 1000 – 2000 mm/yr, while the eastern flank receives ~5000 mm/yr. Thus, the eastern 
foothills and Llanos Basin therefore receive some of the highest rainfall on Earth. Though 
Molnar and Cane (2002) hypothesize that northwest South America would have been 
drier in the Mid-Pliocene, others suggest that the humid climate and high precipitation 
rates have characterized the region since at least the Mid-Miocene (Hoorn, 1994; Mora 
et al., 2008; van der Hammen and Hooghiemstra, 2000). Paleoclimate data therefore 
suggest the EC was dominated by a tropical lowland climate (Hooghiemstra et al., 2006; 
Mora et al., 2008). The present orographic barrier is likely to have reached a critical 
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elevation between ca. 6 and ca. 3 Ma. The enhanced precipitation on the eastern flank 
therefore suggests high erosion rates (Mora et al., 2008).  
Currently, only the northern portion of the EC in the Sierra Nevada del Cocuy is 
glaciated. However, the central and southern portions and specifically the Bogotá Basin 
have experienced Quaternary glaciation (Helmens, 1988; Helmens and Van der 
Hammen, 1994; Hooghiemstra, 1989). Based on field mapping and 14C dating, Helmens 
(1988) identified at least 4 glacial periods in the late Pleistocene. Furthermore, pollen 
evidence indicates the region surrounding Bogotá has experienced periods of glaciations 
since 2.4 Ma (Helmens and Van der Hammen, 1994; Hooghiemstra, 1989). 
The influence of climate in the long term mountain building history in the northern 
Andes has only recently been evaluated (Mora et al., 2008). East flowing streams on the 
eastern flank incise across the primary structural features, while those on the western 
flank do so only in a few locations and primarily flow parallel (north-south) to the orogen 
(Mora et al., 2008). While the influence of climate in enhancing orogenic thrusting is 
beyond the scope of this project, it is important nonetheless to consider the first-order 
impact of climate on erosion, depositional history of fluvial terraces, and development of 
the stream network.  
 
3. Methods 
 
3.1 Neotectonic mapping and field methods 
 Mapping of deformed fluvial terraces is based on a 30 m resolution Shuttle Radar 
Topography Mission (SRTM) Digital Elevation Model (DEM) (Figure 3). Additionally, 
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criteria include surface characteristics such as surface roughness, geomorphic, 
landforms, and terrace elevations to differentiate between terraces.  Generally, all 
terraces exhibit smooth topography. Specifically, the two surfaces sampled for this study 
do not display bar and swale topography. Terraces at lower elevations, ~10m above the 
active river, show uneven bar and swale characteristics consistent with minimal surface 
erosion. Though we did not conduct rigorous soil testing, strong soil development was 
observed at site M1 and M2 (Qt3) (Figure 3). Field observations from the hand dug pits 
as well as road cuts aided in choosing sampling sites, avoiding buried soils or contacts 
between a fill and cut terrace. All TCN depth profile sampling was done in fill sediments. 
Pedogenic carbonate was not detected on any surfaces, consistent with minimal stripping 
of the surface. Cobble sized clasts were present at the surface of both sites. Medina 1 
(480 m) has a lower elevation than Medina 2 (519 m), and thus these surfaces were 
originally mapped as different terraces.  
Surface elevation data was collected on both terraces with submeter vertical 
accuracy using a Trimble® Geo 6000 GeoXT® Handheld device. Post-processing was 
conducted using a permanent station in Bogota to reduce vertical errors. The surface 
elevations collected in the field are identical to the SRTM 30 m DEM (4 m precision at 1σ) 
within error. Elevation data for the active river was not collected in the field because the 
river was inaccessible. SRTM DEM values are in agreement with the surface elevations 
collected in the field, therefore we are confident using only the elevation values derived 
from the DEM for the Humea River. Terrace elevations and the Humea river are projected 
onto a single line (Figure 4a), allowing net incision to be calculated at each elevation point 
of the terraces (Figure 4b). 
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3.2 Terrace geochronology 
Two terraces (Figure 3) located in the hanging wall of the Guaicaramo thrust were 
sampled and dated for in situ 10Be TCN surface exposure ages using the depth profiling 
method. 10Be cosmogenic nuclides are formed by nuclear interactions between incoming 
galactic cosmic rays with 16O and 28Si in quartz sand found in young (10 to 100,000 years) 
sediments (Gosse, 2012; Gosse and Phillips, 2001). The abundance of TCNs in the 
uplifted terraces are proportional to the surface exposure age of the landform and reflects 
the time at which that terrace was uplifted by thrust faulting and abandoned by the river. 
Nuclide concentrations, however, can be influenced by inherited nuclides in the mineral 
of interest accumulated during sediment transport prior to final deposition. Because 
inheritance is likely to be non-zero (Gosse, 2012; Gosse and Phillips, 2001), we have 
used the depth profile method (Anderson et al., 1996; Hidy et al., 2010).  
Sample locations were identified via remote sensing and field observations. Depth 
profile pits at the two sites were hand dug up to 1.5 – 2 m deep. Five samples, 
approximately 6-7cm thick, were collected below the soil mixing zone from each site to 
avoid vertical mixing. See Table 1 for sample depths. The pit at Medina 1 contained large 
clasts (cobbles to boulders up to 70cm diameter). Bioturbation was present, though it was 
not prevalent below the mixing zone. The Medina 2 pit exhibited large clasts (cobbles to 
small boulders up to 50cm diameter). A higher amount of bioturbation was present; the 
root system reached below the mixing zone. In both pits, rubification of the sediments 
was evident. No ash layers or buried soil horizons were visible, and there was no obvious 
change in lithology with depth. 
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From the ~2kg collected per sample we used grain sizes ranging between 250-
1000 μm, extracting 4-15 g of pure quartz per sample. Physical and chemical sample 
treatment was done at PRIME Laboratory at Purdue University following the procedures 
outlined in Gosse and Phillips (2001). After separation of the target nuclide, the 
concentrations were measured using Accelerator Mass Spectrometry (AMS) at PRIME 
Laboratory. 
 
3.3 Quaternary shortening calculation 
The terrace and stream profiles are projected onto cross-section A-A’ (Figure 6a). 
The cross-section modified from Silva (2010) is interpreted from seismic line MVI-1097. 
Fault geometry of the GT is further constrained by surface exposures, as well as 
published cross-sections and seismic reflection profiles (Mora et al., 2008; Mora et al., 
2010). We reconstructed the uplifted terraces by backslipping the GT to restore the 
terraces to the Humea River elevations using 2D Move™ software from Midland Valley 
Exploration. The fault parallel flow algorithm was used for the reconstruction, following 
line length balancing principles (Dahlstrom, 1969; Egan et al., 1997; Egan et al., 1999). 
Cross section balancing also takes into account a deposition rate of 0.2 mm/yr (Parra et 
al., 2010). Following these principles, we calculated total shortening.  
 
3.4 Topography and stream channel indices 
Taking into account the methodologies described above, it is important to place 
the observed local deformation at Medina into a broader regional context. We have done 
this by studying the topography of the EC using stream channel profiles. The EC is 
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characterized by high elevations and relief. The Sierra Nevada del Cocuy represents the 
highest elevations of ~6500 m (Idárraga-García and Romero, 2010). To the south, the 
Bogotá Basin is situated at ~2500 m (Mora et al., 2008). The Llanos basin to the east 
ranges between 200-500 m. Though relief provides a general proxy for uplift, a more 
powerful tool to understand the variability of tectonic uplift of an orogen is to analyze the 
fluvial network. The fluvial network maintains a connection to the tectonic forcing and thus 
can be used to extract information about tectonic uplift. Channel longitudinal profiles 
therefore can provide quantitative analysis of the geomorphic response to uplift.   
Quantifying fluvial morphometric parameters is based on the power-law scaling 
relationship between stream gradient (S) and drainage area (A) to determine the channel 
steepness index (ks) (Flint, 1974):  
𝑆 = 𝑘𝑠𝐴
−𝜃 (1). 
However, this equation does not allow for comparison of ks between streams with varying 
concavity values, which is a proxy for discharge. Therefore, a normalized channel 
steepness index (ksn) can be calculated using a reference concavity (θref),  
𝑘𝑠𝑛 = 𝑆𝐴
𝜃𝑟𝑒𝑓(2), 
which can be directly compared between streams of varying concavity and drainage 
areas as a metric of relative channel steepness. The reference concavity value is based 
on analysis of streams in steady-state landscapes across orogens that all fall between 
0.4 and 0.6 (Kirby and Whipple, 2001; Snyder et al., 2000; Wobus et al., 2006). Here, we 
have calculated ksn using θ = .45. Though normalized channel steepness analysis is most 
powerful when coupled with 10Be catchment wide erosion rates (Cyr et al., 2010, 2014), 
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it can also be a useful metric in understanding first order uplift patterns across active 
orogens (Kirby and Whipple, 2012; Wobus et al., 2006).  
Here we present the results from the eastern foothills of the EC for an area along 
strike of approximately 200 km. Steepness values were extracted from 30 m resolution 
topographic data with computational codes published from Geomorphtools.org following 
the procedures in Whipple et al. (2007). A more detailed explanation can be found in the 
supplementary materials. Normalized channel steepness values were calculated from the 
stream headwaters to the range front. This allowed for the values to be calculated only 
for the detachment limited portion of the streams. Values of ksn become less reliable 
through alluvium, as streams can respond to uplift with a change in channel width or 
sinuosity and therefore not reflect an accurate ksn value to evaluate (Wobus et al., 2006). 
These end points are user picked, so there is some variation; however, an effort was 
made to calculate values for only the bedrock portion of the streams. 
 
4. Results and Discussion 
 
4.1 Terrace geochronology 
The modern Humea River flows perpendicular to the structural grain of the EC. The river 
is assumed to keep pace with tectonic uplift and represents the initial condition and 
underformed geometry for the uplifted and incised terraces. Thus, the terraces serve as 
Quaternary strain markers for quantifying deformation (Amos et al., 2007; Lavé and 
Avouac, 2001). The surface exposure ages of the 2 sites do not follow the expected trend 
of higher concentrations equating to older age of abandonment. This discrepancy, 
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however, can be resolved by understanding the fault geometry, which we discuss in more 
detail in section 4.2. In fact, Quaternary geochronology results indicate that the two sites 
are statistically the same age. Site specific production rates were calculated using the 
CRONUS Earth 10Be calculator using Stone (2000) and Lal (1991). Age results are given 
below and the complete modeling results are presented in Table 2. Modal ages and 
maximum and minimum values are reported to 2σ, with a 3.5σ error required on the 
sample concentrations. The surface abandonment ages for sites M1 and M2 are 122 - 4
+ 73 
ka and 117 - 6
+ 83 ka (Figure 5).  
Modeling the profiles with all 5 samples yielded no results at a reasonable 
uncertainty. Difficulties in the depth profile modeling can be due to several reasons, 
including inconsistent inheritance (likely due to mixing at time of deposition); 
unrecognized bioturbation resulting in vertical mixing; and error in sample chemistry or 
AMS measurements (Mercader et al., 2012). Therefore, the uppermost sample at each 
location was excluded from analysis as we believe they were located in the lowermost 
section of the mixing zone and therefore have experienced vertical mixing from their 
original depositional position. Even with the removal of the uppermost sample, uncertainty 
on the profile fits could not be lowered beyond 3.5σ error on the concentrations. 
Furthermore, it is likely the terraces experienced low erosion rates during surface 
exposure followed by a period of aggradation and a final continued period of erosion. This 
is deduced from the modelling, which required lower neutron attenuation lengths in order 
to achieve any results. In a rapidly aggrading surface, the attenuating length decreases 
as the sediments become buried. The full set of parameters used can be found in the 
supplementary materials.  
15 
 
The inheritance values also provide insight into the paleoerosion history of the 
basin. Low TCN inheritance values indicate the grains were exposed for a shorter 
duration during their transport history prior to deposition at the terrace. Grains sourced 
from convex or steep slopes yield low TCN concentrations, while gently sloping 
landscapes yield higher concentrations. Furthermore, if sediment is sourced from higher 
altitudes we would expect the inheritance to be higher, as TCN production increases with 
altitude (Gosse, 2012). Medina 1 and Medina 2 have low inheritance values, therefore, 
the low inheritance values indicate high catchment erosion rates. In this region, the high 
erosion rates are likely due to glaciation in the upper portion of the catchments. The timing 
of fluvial terrace abandonment is consistent with the end of marine isotope stage 6 (Imbrie 
et al., 1984). With the age of the terrace, incision and shortening rates are constrained in 
the following section.  
 
4.2 Incision rates 
  Figure 4a shows the projection of the topographic profiles of the two terraces and 
Humea River, on to a section perpendicular to the strike of the Guaicaramo thrust. We 
calculated the net incision by subtracting elevations of the Humea River from the terrace 
elevations (Figure 4b). Terrace elevations were measured in the field with submeter 
accuracy and the river were determined from the 30 m DEM, calculated with a normally 
distributed error of 4 m (1σ) as outlined in section 3.1. Here we report total incision and 
incision rates with 2σ error. Maximum incision values for the two sites are Medina 1: 67 
± 6.6 m, and Medina 2: 131 ± 6.6 m. We calculated incision rates using the full distribution 
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of ages. Medina 1: 0.66 ± 0.1 mm/yr; 1.12 ± 0.22 mm/yr. The weighted average of the 
incision rates is: 0.74 ± 0.09 mm/yr.  
 The observed patterns of incision are easily reconciled with an understanding of the 
fault geometry, which in this case is a listric thrust (Figure 6). Site M1 is located on a 
hanging wall flat on footwall flat geometry and therefore we expected greater horizontal 
movement. Site M2 is closer to the fault tip in the foreland and is located on a hanging 
wall flat on footwall ramp where the thrust cuts up section. Consequently, site M2 has 
experienced greater vertical movement (Figure 4). The terrace profiles and fault geometry 
are next used to reconstruct the slip history on the Guaicaramo thrust. 
 
4.3 Shortening rates 
Section balancing takes into account a 0.2 mm/yr sedimentation rate (Parra et al., 
2010). Results of section balancing show that a minimum of 220 ± 22 m (2σ) is required 
to reconstruct the deformed terraces (Site M2) to the present elevation of the Humea river 
(Figure 6b). An additional 60 m for a total of 280 ± 28 m is required to reconstruct site M1 
(Figure 6c). From the modeling, there is no indication of slip along the backthrust and 
none is required to reconstruct the deformed terraces back to the modern stream. 
Because the terraces are located on the lateral termination of the backthrust, this is not 
unexpected. We imposed a 10% error on the amount of shortening. Shortening rates 
presented below were calculated by using the age of the respective terrace and the total 
amount of shortening. Calculated slip rate for site M1 and M2 is 1.93 ± 0.44 mm/yr (2σ) 
and 1.54 ± 0.40 mm/yr (2σ), respectively. The weighted mean Quaternary slip rate is 1.72 
± 0.30 mm/yr. 
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 Though sites M1 and M2 are the same age, the total amount of slip required in the 
section balancing varies by 60 m. This does not translate to statistically significant 
differences in the calculated shortening rate. We propose a slip gradient along the fault 
to account for the differences in shortening needed to reconstruct Medina 1 (250m) and 
Medina 2 (200m). We do not model or propose internal shearing in the section balancing, 
however, the observed differences in slip rates could be due to a slip gradient as is 
commonly observed during seismic events. Specifically, we would observe the greatest 
slip along the flat on flat. Less slip occurs along the shallower, listric portion of the fault 
toward the fault tip.  
 
4.4 Normalized steepness and concavity 
From the topographic data we have extracted ksn values for the entire EC (Figure 
7). These data are noisy; however, some patterns are observed with high ksn values 
present in the western and eastern flanks of the EC, though with a greater concentration 
along the eastern flank. The northern region of the EC also exhibits a high density of large 
ksn values. From the individually selected streams on the eastern flank ksn values range 
between 10 and 500 (Figure 8a). A single mean ksn value was calculated for the primary 
streams draining the EC. It is necessary to calculate the values for the detachment limited 
portion of the streams only, as continuing the calculations into the Llanos basin 
suppressed the mean by various processes as previously explained in section 3.4. Mean 
values are consistent for most of the southern and central portion of the EC and increases 
in the northern portion (Figure 8b). Mean ksn values range from ~130 in the south to ~280 
in the northern foothills. These values are then compared to recent shallow (< 70 km) 
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seismicity in the region (Figure 8b). The EC is seismically active and large events have 
occurred along the entire stretch of the EC. Though no strong correlation between ksn and 
seismicity are observed, we can however, make some first order observations.  In the 
north, where we see the highest ksn values, we can see a greater number of events as 
well as deeper earthquakes. Thus indicating that the observed patters of ksn are in 
response to active mountain building events.   
While mean values generally increase to the north, high ksn values are also 
observed along stream segments of the southern streams (Figure 8). We posit that this 
may be due to the precipitation gradients observed along the Llanos foothills, as 
precipitation increases to the South (Mora et al., 2008). Higher precipitation could 
increase the ksn values in a portion that is experiencing lower magnitude uplift. Lithologic 
variability could also explain the discrepancy; however, no obvious contact relationships 
are observed when comparing ksn values with the geologic units and no detailed field 
mapping of lithology and more importantly rock strength was conducted.  Lateral stream 
offsets do coincide with fault locations in some areas, particularly in the south-central 
region (Figure 8a).  
Normalized steepness indices for the Colombian subandes are consistent with 
high uplift rates and are comparable with mountain ranges worldwide (Kirby and Whipple, 
2012). Safran et al. (2005) observed ksn values ranging from 200-600 for most of the 
catchments analyzed in the Bolivian Andes. In the San Gabriel Mountains, DiBiase et al. 
(2010) found streams with ksn values ranging from <100 to 200. Ouimet et al. (2009) 
quantified ksn in Eastern Tibet with values ranging from 100-450. In contrast, Bellin et al. 
(2014) presented ksn values in the Spanish Beltic Cordillera, which experiences low uplift 
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rates (<200 mm/ka) and proportionally low mean catchment ksn values between 9.6 and 
75.6 and a regional mean value of 31.5 ± 19.4. Values from the Appalachian mountains 
from Miller et al. (2013) range between 15 and 45. 
 
5. Regional Implications 
 
5.1 Regional shortening, deformation style, and seismic hazards  
The current orientation of maximum horizontal stress in the EC is favorable for 
Cenozoic reactivation of Mesozoic normal faults. Thus, as the orogen has reached super 
critical conditions, it has advanced eastward along these pre-existing weaknesses (Mora 
et al., 2010; Parra et al., 2009; Veloza et al., 2015). The northern portion of the 
Guaicaramo thrust represents one of many inverted rift features; however, the area 
studied here exhibits a thin skinned flat detachment style that is inconsistent with an 
inverted half-graben (Mora et al., 2013; Tesón et al., 2013). Thus the orogenic thrust is 
not only advancing along pre-existing features, but also through thin-skinned thrust 
faulting structurally above the crystalline basement.  
Our observations in Medina reflect the effect of a listric fault geometry on surface 
deformation and landscape evolution. With increasing proximity to the fault tip, we 
observe greater vertical uplift where the GT cuts up-section. We demonstrate, based on 
the surface abandonment ages of two fluvial terraces, topographic profiles, and fault 
geometry that the Quaternary shortening rate of the Guaicaramo thrust is 1.72 ± 0.30 
mm/yr. Likewise, our results indicate that the northernmost extent of the backthrust has 
not caused significant slip. These slip rate results are lower than the geodetic horizontal 
20 
 
velocities of 2.5 mm/yr (Trenkamp et al., 2002). One reason for this discrepancy is the 
effect of the seismic cycle (Friedrich et al., 2003; Tapponnier et al., 2001; Youngs and 
Coppersmith, 1985). The geologically derived slip rates encompass several seismic 
cycles, in contrast to the instantaneous geodetic rates. The GPS rates indicate they might 
be responding to recent events and thus overestimating long-term slip rates. Furthermore, 
coseismic movement might have also occurred with an opposite sense of deformation 
from the interseismic and millennia-scale slip rates.  
Another possibility is that the Servitá fault to the west and smaller frontal thrusts to 
the ESE (Mora et al., 2013) also accommodate active shortening. Understanding the 
differing characteristics and slip rates along strike are important for determining where 
the greatest seismic hazards lie. In the north, where faulting is basement involved, strain 
is localized on a single active fault (Mora et al., 2006; Veloza et al., 2015). To the south, 
deformation is distributed along thin skinned sections of the thrust belt such as the GT. 
Thus, earthquakes can nucleate along several active strands. This suggests larger events 
are more likely to occur in the north, posing the greatest risk.  
Nonetheless, using the geologically derived slip rate we estimate the contribution 
of the GT to the total shortening budget across the northern Andes using 58 mm/yr as the 
convergence rate between the Nazca and South American plates (Trenkamp et al., 2002). 
We estimate that this portion of the Guaicaramo thrust represents ~3% of the total 
horizontal shortening across the Colombian Andes, which was previously unknown. In 
contrast, the work of Veloza et al. (2015) show that the northern portion of the EC at the 
Tame anticline is accommodating 2-6% of the total shortening across the northern Andes.  
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6. Conclusions 
 Our results provide key insights into the neotectonic deformation of the EC of 
Colombia. The work presented in this paper has three main contributions: (1) our results 
underscore the importance of constraining fault geometry in order to understand its effect 
on the geomorphic evolution of an active thrust belt. In the case of the Medina sites which 
are deformed by a listric fault, the magnitude of vertical uplift is greatest near the fault tip 
where the geometry is a hanging wall flat on footwall ramp. (2) This study presents novel 
analyses for the region. Using ksn as another tool to quantify geomorphic indices of 
tectonic uplift, we have characterized first order features of active deformation of the 
Colombian subandes and the EC. This study serves as a foundation for further studies to 
compare basin erosion rates with ksn values. (3) This work represents the first 
quantification of Quaternary slip rates for the southern EC of Colombia, filling in an 
important gap between our understanding of long term deformation rates and geodetic 
rates. Identifying which faults are accommodating the most slip is crucial in characterizing 
the neotectonic development of the EC, ultimately gaining insight into the rate of thrust 
front advancement.  
 
Acknowledgements 
 KU Department of Geology, AAPG Foundation, and the Kansas Geological 
Foundation provided financial support to Erica Dalman. Ecopetrol also provided support 
to M.Taylor. This manuscript greatly improved from discussions with John Gosse and 
Alan Hidy regarding the TCN modeling. We would also like to thank Eliseo Tesón for his 
22 
 
help with the fault reconstruction, done using a software grant from Midland Valley 
Exploration (Move™). 
  
23 
 
Figures 
 
Figure 1 
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Figure 1. Digital Elevation Model of the Colombian Andes and tectonic features. Fault 
locations from Veloza et al. (2012). CB: Caribbean plate; SA: South American plate; NZ: 
Nazca Plate; EC: Eastern Cordillera; CC: Central Cordillera; WC: Western Cordillera. The 
inset map highlights the location of Figure 1. The solid rectangle shows the location of 
Figure 2, 8, and 9. The dashed rectangle highlights the location of Figure 3.  
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Figure 2 
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Figure 2. Digital Elevation Model of the EC foothills between ~4° and 6° N, modified from 
Mora et al. (2010) and Veloza et al. (2015). The black rectangle highlights the location of 
Figure 3.   
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Figure 3 
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Figure 3. Shaded relief map created from a 30m SRTM DEM. Line A-A’ indicates the 
location for Figure 5. Two deformed terraces (M1 and M2) were sampled for 10Be depth 
profiles. Fault locations from Mora et al. (2010) and Veloza et al. (2012).   
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Figure 4 
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Figure 4. Terrace and stream elevations projected onto a profile that is perpendicular to 
the fold axis. See Figure 2 for map location. A) Raw terrace and Humea River elevations. 
Terrace elevations are from GPS data collected in the field, open circles show survey 
locations. Black circles indicate 10Be depth profile sample locations. Humea River 
elevations are derived from the 30m DEM. Elevation points are shown with the dots, the 
shaded area represent the 4m (1σ) uncertainty. B) Net uplift of deformed terraces.   
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Figure 5 
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Figure 5. 10Beryllium concentration versus depth profiles for sites M1 (a) and M2 (b) and 
age distribution histograms (a’) and (b’). Concentration measurements are shown with 
3.5σ error. Solutions shown in shaded area to 2σ after 100,000 iterations of the Monte 
Carlo simulation v.1.2 Hidy et al. (2010). Modal ages and maximum and minimum values 
are reported in (a’) and (b’). 
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Figure 6 
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Figure 6. Schematic solutions from shortening calculations. Fault slip reconstructions 
done using 2D Move software. All balancing was done using the fault parallel flow 
algorithm (Egan et al., 1997; Egan et al., 1999). Two solutions of restoration of the 
deformed terraces to the undeformed base level (Humea River) are presented. Inset 
cross-sections show initial condition. A) Cross-section modified from Silva (2010), 
interpreted from seismic line MVI-97-1070. See Figure 3 for location. Topography (gray 
line) derived from a 30m DEM. M1- Medina 1; M2 – Medina 2. B) Minimum shortening of 
220 ± 22 m restores M2 to undeformed base level. C) Results from 280 ± 28 m backslip 
along the Guaicaramo thrust (GT). M1 is restored to undeformed base level.   
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Figure 7 
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Figure 7. A) Normalized channel steepness (ksn) for the EC foothills. See Figure 2 for 
location. Data extracted from a 30m DEM using MATLAB codes available at 
geomorphtools.org. Ksn is defined from a regression of Ks along individual slope-area 
segments using θref (reference concavity). Ksn = ks Acent(θref - θ); Acent = 10(log Amax + logAmin)/2. 
High ksn values are observed throughout the entire EC. B) Ksn values for the eastern flank 
(within black polygon) projected onto a single line.   
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Figure 8 
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Figure 8. Normalized channel steepness (ksn) for the Eastern Cordillera foothills. Streams 
and data limit were user defined using θref = 0.45. See Figure 2 for location A) Ksn values 
are generally constant in the central portion. Highest values are in the north and a portion 
in the south. The high values observed in the south are likely due to large amounts of 
precipitation. B) Mean normalized channel steepness (ksn) and recent shallow seismicity 
(RSNC, 2015). Mean ksn generally increase to the north.  
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Table 1  
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Table 1 Summary Of Sample Data from Medina Sites 1 and 2 Formatted According to 
Frankel et al. (2010).  
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Table 2 
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Table 2 Statistics for the Simulation of two depth profiles. Maximum and minimum values 
represent the 95% (2σ) confidence window for each parameter.   
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Supplementary Figures 
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Supplementary Figure 1. Results from depth profile Monte Carlo modeling using 
codes from Hidy et al. (2010) for site M1 and M2.  Input parameters and resulting plots 
are shown for each site. Profile fit solutions were not found below a 3.5σ error on the 
concentrations.  
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Supplementary Figure 2 
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Supplementary Figure 2. Schematic stream profile plots modified from Kirby and 
Whipple (2012). A) Longitudinal stream profile of 3 streams with varying concavities. 
The inset log plot shows where the data values are extracted from. B) Longitudinal 
stream profiles exhibiting 2 different ksn values and the same concavity. Inset log plot 
highlights that these streams have the same slope, but different y-intercepts.   
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Supplementary Figure 3.  Log plots of gradient vs. drainage area for all primary 
streams shown in Figures 9 and 10. Plots are shown from north (AA) to south (SS).  
